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index, λ, is developed using the simple example of a hollow beam of wall thickness, t, 
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The competing factors in automotive engineering design may be divided into four 
main categories: cost, performance, safety, and fuel economy.  All four are related by 
mass considerations.  As far as cost is concerned, too much mass is a waste of money, 
but, if overall volume is not to be reduced, reducing mass can be more expensive.  
Lighter vehicles change direction faster, accelerate faster, and stop sooner.  From a safety 
point of view, mass is a double-edged sword.  A lighter vehicle carries less momentum in 
an impact.  This means the vehicle causes less damage to itself and to whatever it is 
impacting.  This also means a heavier vehicle can transfer more momentum to it if the 
lighter vehicle is on the receiving end.  In the case of fuel economy, a lighter body leads 
to lighter suspension and drivetrain components and reduced rolling resistance.  A 2 lb 
reduction in body weight can lead to an additional 1 lb reduction because of such 
secondary effects.   
All of this leads to one important fact – Americans need lighter vehicles, but they 
will not buy smaller ones nor do they want to pay significantly more for a lighter version 
of their current size vehicle.  Modern cars and trucks are orders of magnitude cleaner, 
safer, and more efficient than vehicles from 25 years ago.  Nevertheless, future 
legislation, as well as consumer and economic pressures, will call for further increases in 
these factors, while consumer desire will demand that creature comforts increase as well.  
 1  
2 
To meet these challenges, manufacturers are showing more and more interest in 
alternatives to the traditional mild steel auto body.   
The reason for the emphasis on mass reduction in the body structure of an 
automobile is because the body typically makes up 45% of the total mass of a vehicle 
[Stodolsky, et al].  Within this 45%, the major component is the “body-in-white” (BIW), 
the structure of the car body without closures (doors, hood, and trunk lid) [Stodolsky, et 
al].  The BIW typically makes up 28% of the total vehicle mass [Stodolsky, et al].  A 
10% decrease in mass can lead to a 6.25% increase in fuel economy, and less fuel burned 
means fewer pollutants created [Stodolsky, et al].  For every percentage point of overall 
mass reduction, there is an equal percentage point reduction in power requirements 
[Stodolsky, et al].   
The primary candidate for such a material substitution is aluminum, which is 
approximately 1/3 the density of steel (2700 kg/m3 vs. 7800 kg/m3).  Its favor as the 
substitute of choice comes from its similarities to steel.  It can be formed and joined in 
ways that are very similar to steel, much more so than more radical alternatives such as 
composites.  In an industry with such high capital investments, this similarity and 
familiarity is a very good thing.  But, aluminum has its differences, and they are very 
important ones.  Aluminum has very high thermal and electrical conductivity, making 
spot welding (the most common method of joining in automotive structures) difficult.  
Stamping is also more difficult as aluminum has different spring-back properties and 
requires a deeper draw by the press.  Although aluminum alloys used in auto bodies have 
better mass specific strengths than traditional auto body mild steels, aluminum also has a 
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stiffness 1/3 that of steel (7x104 MPa vs. 20.5x104 MPa).  This is very important, as auto 
body designs are primarily stiffness driven.  Finally, aluminum ($1.50/lb) is 5 times the 
cost of steel ($0.30/lb) [Field & Clark].  Any weight savings from choosing aluminum 
over steel must be measured against these difficulties, which must be overcome. 
In 1993 Ford Motor Company built a series of aluminum bodied Taurus cars.  
These cars were of the same design and construction as the regular steel Taurus, with 
appropriate changes in material thickness as the only modifications [Stodolsky, et al].  
The regular Taurus weighed 1429 kg [Stodolsky, et al].  The resulting body of the 
aluminum Taurus was 47% lighter than the steel one (198 kg vs. 371 kg), which is a 12% 
reduction in overall vehicle weight (curb weight) [Stodolsky, et al].  It is estimated that if 
changes had been made to chassis (suspension, wheels, etc.) and drivetrain components 
(engine and transmission) in light of the reduced mass of the body, an additional 90 kg 
could have been saved (because of the 2:1 rule above), reducing the curb weight of the 
car a total of 18% [Stodolsky, et al].  Another Ford study, the Synthesis 2010 was a 
completely new design, similar in size and payload to the Taurus, but with lighter chassis 
and drivetrain components appropriate for the lighter body [Stodolsky, et al].  This 
“ground up” aluminum design was 27% (1043 kg) lighter in curb weight than the steel 
Taurus [Stodolsky, et al].  The Synthesis 2010 also included mass reduction in the 
interior as well, so all weight savings are not accounted for by reductions in the body and 
secondary savings [Stodolsky, et al].   
In 1994, Porsche Engineering Group (PEG) was contracted by a consortium of the 
world’s sheet steel producers to design the Ultralight Steel Auto Body (ULSAB) 
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[ULSAB].  The ULSAB project was only concerned with the BIW.  The benchmark 
design used by PEG for comparison had a BIW mass of 271 kg [ULSAB].  The resulting 
body design, which made extensive use of high strength steels, weighed 203 kg, a 
reduction of 25% [ULSAB].  If the 2:1 rule stated earlier holds true, then approximately 
101 kg of secondary mass could be reduced for a total of 304 kg.  Since the benchmark 
curb weight for the ULSAB project was 1350 kg, this would have been a reduction of 
23%. 
Two additional examples are the aluminum bodied Porsche 928 prototype created 
by Porsche in 1983 [Burst, et al] and an aluminum copy of a steel General Motors 
prototype create by Reynolds Metals in 1974 [Glaser & Johnson].  In the case of the 
Porsche, geometry changes were made which allowed a BIW weight reduction of 47% 
versus an all steel design [Burst, et al].  The Reynolds version of the GM prototype was 
an exact copy with the only geometry changes being changes in sheet thickness [Glaser & 
Johnson].  This direct aluminum substitution allowed a weight reduction of 39% versus 
the steel prototype [Glaser & Johnson]. 
All five of these examples are of unibody designs – a shell-type structure.  
Unibody designs rely on the skin of the body to carry most of the loads and maintain 
stiffness.  They are manufactured by stamping sheet metal to shape and joining the 
stampings together, usually by spot welding.  Unibodies involve high capital investments, 
due to the heavy presses and dies, but they scale very well for high production volumes 
[Field & Clark].  A part for a unibody can be stamped in a matter of seconds.  An 
alternative to the unibody design is a space-frame.  A space-frame is a truss-like design.  
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Loads are carried by beams on which the body panels are hung.  A space frame requires a 
smaller capital investment than a unibody, but it is more labor intensive to assemble 
because it is more complex to align [Field & Clark].  For these reasons, a space frame is 
better suited for low production runs [Field & Clark].  When compared in steel and 
aluminum, as in Table 1, an interesting result occurs.  At low production runs, an 
aluminum space frame is cheaper than a steel or aluminum unibody, even though 
aluminum is a more expensive material [Field & Clark].  Steel must still be stamped to 
form the beams of a space-frame, where as aluminum can be extruded (with lower capital 
costs) [Field & Clark].  A unibody is a more efficient design for steel since it makes 
better use of steel’s higher stiffness [Field & Clark]. 
 












20K/year $5800 $7200 $4500 
100K/year $2500 $3600 $2800 




The above examples of aluminum construction versus mild steel construction 
indicate a theoretical weight savings potential for direct aluminum substitution without 
major redesign of 40-50% in the BIW, while a redesign may lead to a 50-60% reduction 
[Stodolsky, et al].  (It should be noted that the ULSAB example indicates further weight 
savings with steel, which cuts the benefits of aluminum in half.)  Aluminum has weight 
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savings potential in beams where stress is the controlling factor [Nardini & Seeds].  The 
lower density of aluminum allows a thicker gauge to be used (reducing the stress in the 
beam) without a weight penalty [Nardini & Seeds].  But, as has been previously stated, 
auto bodies are primarily stiffness controlled.  In beams of equivalent stiffness, aluminum 
can have a weight benefit if the cross section of the beam can be increased [Nardini & 
Seeds].  If thickness is the only variable dimension, then an aluminum beam can weigh 
more than an equivalent steel beam.  But, if the required cross section in steel calls for a 
thickness that will lead to local buckling, than aluminum is favorable because, again, its 
lower density will allow a thicker gauge without weight penalty [Nardini & Seeds].  
Similarly, aluminum has benefits where there is out of plane sheet bending [Nardini & 
Seeds].  Large increases in cross section are difficult in an auto body since designers try 
to maximize interior volume while minimizing exterior volume. 
Auto bodies are complex structures to design and analyze.  Development and finalization 
of a new design can take more than 5 years.  Therefore, there is a need for an effective 
and quick method to determine the weight saving potential of aluminum substitution in 



















Figure 1 shows a hypothetical “hollow beam” with a cantilevered load.  The intent 
of this example is to consider two beams of equivalent stiffness, with one beam made in 
aluminum and the other beam made in steel.  The dimension t is variable while all other 
dimensions have the following constant values: 
L = 1000 mm 
b = 200 mm 
h = 200 mm 
7 
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Note that h is the distance between the inner surfaces of the two members of the beam.  
The overall height of the beam is equal to (h + 2t).  For the beam in Figure 1, the second 
area moment of inertia, I, can be defined as 





 Eq. 1 
Equation 1 is plotted as a function of t in Figure 2 
 
















It is important to note the relevant range for t; the range used in figure 2 is 
intended only to show the shape of the function.  In automotive applications, it is not 
realistic to consider a range greater than 1 mm < t < 3 mm.  For ∆t 1 mm to 3 mm, the 
plot in figure 2 can be expressed as 
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I C 1 t
λ⋅  Eq. 2 
λ can then be determined from the equation 
λ ti( )
log I ti( )( ) log I ti 1−( )( )−
log ti( ) log ti 1−( )−  Eq. 3 
which describes the slope of the line created by plotting equation 1 on a log-log scale.  
Plotting equation 3 (Figure 3), it can be seen that 1 < λ < 3. 
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For a cantilevered beam, stiffness, K, is defined as 
K
3 E⋅ I⋅
L3  Eq. 4 
where E is the modulus of elasticity for the material of the beam, and I and L are as 
previously defined.  Using equation 2, K can be rewritten as 
K
3 E⋅ C 1⋅ t
λ⋅
L3
C 2 E⋅ t
λ⋅
 Eq. 5 
C 2
3 C 1⋅
L3  Eq. 6 
Now, returning to the aluminum and steel beams, if the beams are to have equivalent 
stiffness, then 
K al K st  Eq. 7 
E al t al
λ⋅ E st t st
λ⋅  Eq. 8 













 Eq. 9 
The mass of the beams, m, is 
m 2 b⋅ t⋅ L⋅ ρ⋅  Eq. 10 
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where ρ is the density of the beam material.  The ratio of the mass of the aluminum beam, 









 Eq. 11 














 Eq. 12 
Since Eal and ρal are both commonly taken as 1/3 Est and 1/3 ρst then Rmass is controlled 
by λ.  As stated before, 1 < λ < 3.  Therefore, Rmass varies from 1.012 at λ = 1 to 0.496 at 
λ = 3, as shown in Figure 4.   















Considering a steel beam with a thickness of t = 2 mm and an applied load is 0.1 
N, equations 3 and 4 give λ = 1, K = 4963 N/mm, and deflection, δ = 2.015 x 10-4 mm.  
This steel beam would weigh 6.256 kg.  Using equation 4, an aluminum beam with the 
same K must have a thickness of t = 5.822 mm.  Such a beam would weigh 6.311 kg, 
which gives Rmass = 1.009.  λ predicts a thickness of t = 5.824 mm, which yields a K = 
4.964 N/mm and a δ = 0.02 mm.  This λ designed beam would weigh 6.312 kg (Rmass = 
1.009).  As can be seen, the λ predicted results are almost exactly the same as those using 
beam theory. 
λ works very well for the relatively simple example above.  The true effectiveness 
of λ would be in its application to more complex geometries and load cases, such as those 









To determine if λ is useful for the analysis of auto bodies, the various joints found 
in the cab of a light truck (Figure 5) were analyzed using SDRC IDEAS-8.  A total of 
nine models, shown in Figure 6 through Figure 14, were created by deleting all but the 
desired elements from a FEA model of a four-door light truck cab originally created in 
MSC NASTRAN.  A load of 1 N was applied in two separate perpendicular load cases 
(represented by the two arrows in each joint figure) as the thickness of the joint material 
was increased.  For better results, the order of the elements of each model was modified 
from linear to parabolic.  The joint models represent stamped sheet steel that is spot 







A illar/Font Hinge  
F gure 9 
Shotgun/Front Hinge 




 Figure 7 
C Pillar/Roof 





















































































































































To better explain the load and restraint conditions for all of the models, the 
B/Roof joint will be used as an example (Figure 7).  The joint includes all parts of the cab 
within 180 mm in all directions from the centerline of the B-pillar.  The joint is fully 
restrained at both the fore and aft ends and is loaded at the free end of the B-pillar.  At the 
loaded end, a rigid element is created so that all of the nodes at the free end are linked to 
a node at the center point of the cross-section, properly distributing the load.  From the 
center point node, a 100 mm loading arm comprised of two rigid bar elements extends 
parallel to the B-pillar.  At the tip of the loading arm, two nodal load cases of 1 N each 
are applied, one in the fore/aft direction and one in the in/out direction both perpendicular 








Each joint is comprised of several stampings of varying thickness.  The thickness 
of these stampings was varied over 4 equal steps, each step increasing the thickness by 
25%, so that on the 4th step, the thickness was double the original value.  Determining the 
stiffness and λ of each joint requires measuring the rotation of the joint due to the applied 
















The displacement of nodes 1 and 2 in Figure 15 is recorded for each iteration.  
The displacement of node 1 is labeled δ1 and the displacement of node 2 is labeled δ2.  
For small deflections the rotation, θ, is 
θ
δ1 δ2−
D  Eq. 13 
25 
26 
where D is the distance between node 1 and node 2.From this deflection, the moment 
arm, M, is defined 
M
δ 1
θ  Eq. 14 
The stiffness of the joint, K, can then be determined from 
K
F M⋅
θ  Eq. 15 









Having determined θ for each thickness step, plotting θ vs. t for each joint reveals 
that λ can be expressed 
λ ti( )
log θi( ) log θi 1−( )−
log ti( ) log ti 1−( )−  Eq. 16 
Using equation 16 produces four λ for each load case on each joint.  λ for the joint is then 
defined as the average of these four values.  λ for each joint and load case is given in 
Table 1. 
Using equation 9, λ can predict the increase in thickness, ∆t, necessary for each 
joint to have the equivalent stiffness if constructed of aluminum.  The resulting stiffness, 
Kal, is compared to the original stiffness, Kst, in Table 1.  The mass of the aluminum 
joints can be predicted using equation 12.  The predicted mass, malλ, is also compared to 
the resulting mass, mal, in Table 2.   
As can be seen by the percent difference values of K in Table 2, the λ predicted K 
is in very close agreement for all of the joints excepting the In/Out load case for the Front 
Hinge/Rocker joint (-7.69%) and the Up/Down load case for the Shotgun/Front Hinge 
joint (-10.92%), and even they are still reasonably close.  Overall, the average percent 
difference is –1.57% with a standard deviation of 4.07%. 
27 
28 
Table 2  Results 
 
 
Joint Load mst (kg) 
Kst  
(N-mm/rad) λ t Ratio Rmassλ mal (kg) 
Kal  
(N-mm/rad) % Diff K
A/Roof F/A 2.82 789273 1.40 2.14 0.74 2.09 763890 -3.22 
 I/O  58828 1.51 2.03 0.71 1.98 59078 0.43 
B/Roof F/A 3.53 460603 1.58 1.97 0.68 2.41 450610 -2.17 
 I/O  11002 2.00 1.70 0.59 2.09 10954 -0.44 
C/Roof F/A 2.80 796203 1.54 2.01 0.70 1.94 842222 5.78 
 I/O  40350 1.53 2.01 0.70 1.94 39847 -1.25 
A/Hinge U/D 9.62 865177 1.44 2.11 0.73 7.02 815047 -5.79 
 I/O  28804 1.45 2.08 0.72 6.95 27490 -4.56 
B/Rocker F/A 4.12 1166600 1.39 2.16 0.75 3.09 1193129 2.27 
 I/O  108606 1.54 2.00 0.70 2.86 111756 2.90 
Rocker/ 
Rear 
Quarter U/D 4.50 492915 1.20 2.44 0.85 3.81 489389 -0.72 
 I/O  50946 1.78 1.82 0.63 2.84 52681 3.41 
Front Hinge/ 
Rocker F/A 8.12 878804 1.33 2.24 0.78 6.30 882512 0.42 
 I/O  160752 1.46 2.08 0.72 5.87 148389 -7.69 
Shotgun/ 
Front Hinge U/D 9.62 3382799 1.41 2.14 0.74 7.13 3013449 -10.92 
 I/O  102616 1.47 2.07 0.72 6.89 99346 -3.19 
Radiator F/A 11.74 24919 1.77 1.83 0.63 7.43 24348 -2.29 












From Table 2, it can be concluded that λ is a very good indicator of weight 
savings potential without redesign.  The average value for λ in Table 2 is 1.51 with a 
standard deviation of 0.189.  If λ for an average auto body joint is taken as 1.51, there is 
an average weight savings of approx 30% in the joints by going from steel to aluminum.  
Changes in geometry cause a change in λ, which can quickly be calculated using FEA.  
Decisions involving material substitution with redesign need to be evaluated by using λ.  
This will allow the designer to separate weight savings due to material substitution from 









• Perform stiffness based λ analysis of the beams of an auto body 
• Perform stress based λ analysis of an auto body 
• Evaluate multiple vehicle lines to draw conclusions about λ across different 
designs 
• Evaluate weight savings potential of high-strength steels and aluminum alloys 
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MATHCAD EXAMPLES OF λ CALCULATIONS
51 
52 
F 1⋅:= N Applied load 
D 50 m⋅:= m Distance between Node 1 and Node 2 






Young’s modulus for steel 






Young’s modulus for aluminum 






Density of steel 









































































Displacement of Node 2 
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log θi( ) log θi 1+( )−
log ∆ti( ) log ∆ti 1+( )−
:=
 
























Average lambda for joint 















Lambda predicted change in thickness 















Lambda predicted mass ratio 









Table 3  λ Calculations 
   A/Roof
 
        
     δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 1.80E-04 1.56E-04 4.8E-07 376.947 789273.145 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.29E-04 1.12E-04 3.4E-07 373.812 1084943.36 1.46329 1.4 2.14 0.74 
  1.5 9.87E-05 8.54E-05 2.7E-07 371.037 1394826.28 1.41888  
  1.75 7.93E-05 6.85E-05 2.2E-07 368.63 1714516.49 1.38092 
  2 6.58E-05 5.68E-05 1.8E-07 366.483 2040392.67 1.3469 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
In/Out 1 9.24E-04 7.26E-04 4E-06 233.186 58828.3439 λ λavg 
Thickness 
Ratio Rmass 
  1.25 6.46E-04 5.08E-04 2.8E-06 233.036 84014.8393 1.59993 1.51 2.03 0.71 
  1.5 4.88E-04 3.83E-04 2.1E-06 232.84 111023.795 1.53352    
  1.75 3.88E-04 3.05E-04 1.7E-06 232.607 139298.285 1.47826 
  2 3.20E-04 2.51E-04 1.4E-06 232.349 168476.854 1.43256 
B/Roof
 
     
     
      
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 1.62E-04 1.32E-04 5.9E-07 272.844 460602.654 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.12E-04 9.17E-05 4.2E-07 270.452 650351.175 1.58545 1.58 1.97 0.68 
  1.5 8.36E-05 6.81E-05 3.1E-07 268.441 861670.602 1.58415    
  1.75 6.52E-05 5.30E-05 2.4E-07 266.757 1091538.96 1.57483 
  2 5.27E-05 4.27E-05 2E-07 265.342 1337102.85 1.55946 
  
   
   
     
   
   
   




Table 3  λ Calculations (Continued) 
  δ1(mm) δ2(mm) θ(rad) L(mm)    K(N-m/rad)  
In/Out 1 0.007209 0.005929 2.6E-05 281.626 11001.6453 λ λavg 
Thickness 
Ratio Rmass 
  1.25 0.004656 0.003828 1.7E-05 281.105 16972.8261 1.95131 2 1.7 0.59 
  1.5 0.003227 0.002652 1.1E-05 280.61 24401.5824 2.00083 
  1.75 0.002357 0.001936 8.4E-06 280.142 33298.9301 2.02753 
  2 0.001792 0.001472 6.4E-06 279.706 43648.3846 2.03846 
C/Roof
 
     
     
      
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 9.13E-05 7.44E-05 3.4E-07 269.589 796202.711 λ λavg 
Thickness 
Ratio Rmass 
  1.25 6.41E-05 5.24E-05 2.4E-07 272.064 1153896.69 1.62187 1.54 2.01 0.7 
  1.5 4.86E-05 3.97E-05 1.8E-07 273.864 1542390.07 1.55546    
  1.75 3.88E-05 3.17E-05 1.4E-07 275.231 1954434.02 1.50363 
  2 3.20E-05 2.62E-05 1.2E-07 276.326 2385683.78 1.46344 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
In/Out 1 1.54E-03 1.23E-03 6.2E-06 249.358 40350.1515 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.08E-03 8.66E-04 4.4E-06 249.064 57251.5845 1.57316 1.53 2.01 0.7 
  1.5 8.18E-04 6.54E-04 3.3E-06 248.979 75777.9321 1.53956    
  1.75 6.48E-04 5.18E-04 2.6E-06 249.041 95785.3395 1.51834 
  2 5.30E-04 4.24E-04 2.1E-06 249.198 117180.66 1.50507 
   
   
   
   
   
     
   





Table 3  λ Calculations (Continued) 
    A/Hinge
 
       
     δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Up/Down 1 1.43E-04 1.23E-04 4.1E-07 352.034 865176.547 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.01E-04 8.62E-05 2.9E-07 344.756 1179291.88 1.48168 1.44 2.11 0.73 
  1.5 7.62E-05 6.50E-05 2.2E-07 339.469 1511616.66 1.44644    
  1.75 6.06E-05 5.15E-05 1.8E-07 335.514 1859102.46 1.41832 
  2 4.98E-05 4.23E-05 1.5E-07 332.478 2219907.01 1.39638 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
In/Out 1 3.14E-03 2.62E-03 1E-05 300.652 28804.1959 λ λavg 
Thickness 
Ratio Rmass 
  1.25 2.21E-03 1.83E-03 7.5E-06 295.679 39649.135 1.50677 1.45 2.08 0.72 
  1.5 1.67E-03 1.38E-03 5.7E-06 291.992 51165.6286 1.46745    
  1.75 1.32E-03 1.09E-03 4.6E-06 289.192 63222.3236 1.43513 
  2 1.09E-03 8.98E-04 3.8E-06 287.018 75740.8066 1.40943 
B/Rocker
 
    
     
      
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 6.66E-05 5.47E-05 2.4E-07 278.775 1166600.26 λ λavg 
Thickness 
Ratio Rmass 
  1.25 4.89E-05 4.02E-05 1.7E-07 279.885 1601501.87 1.40213 1.39 2.16 0.75 
  1.5 3.81E-05 3.13E-05 1.4E-07 281.026 2071916.18 1.39019    
  1.75 3.09E-05 2.54E-05 1.1E-07 282.177 2574274.7 1.38183 
  2 2.58E-05 2.13E-05 9.1E-08 283.3 3105547.3 1.37531 
   
   
     
   
   
   




Table 3  λ Calculations (Continued) 
  δ1(mm) δ2(mm) θ(rad) L(mm)    K(N-m/rad)  
In/Out 1 8.37E-04 6.98E-04 2.8E-06 301.554 108606.296 λ λavg 
Thickness 
Ratio Rmass 
  1.25 5.90E-04 4.93E-04 1.9E-06 303.216 155736.712 1.59064 1.54 2 0.7 
  1.5 4.47E-04 3.74E-04 1.5E-06 304.929 207921.409 1.55418    
  1.75 3.56E-04 2.98E-04 1.2E-06 306.624 264367.662 1.52213 
  2 2.93E-04 2.45E-04 9.5E-07 308.26 324511.162 1.49523 
Rocker/Rear Quarter
  
    
    
     
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Up/Down 1 1.28E-04 1.02E-04 5.1E-07 250.933 492914.779 λ λavg 
Thickness 
Ratio Rmass 
  1.25 9.75E-05 7.80E-05 3.9E-07 250.247 642343.962 1.19889 1.2 2.44 0.85 
  1.5 7.82E-05 6.26E-05 3.1E-07 249.702 797118.525 1.19601  
  1.75 6.49E-05 5.19E-05 2.6E-07 249.265 957136.16 1.19814 
  2 5.52E-05 4.41E-05 2.2E-07 248.906 1122290.8 1.20288 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
In/Out 1 1.47E-03 1.20E-03 5.4E-06 273.61 50945.8952 λ λavg 
Thickness 
Ratio Rmass 
  1.25 9.81E-04 8.03E-04 3.6E-06 274.869 76977.3989 1.82912 1.78 1.82 0.63 
  1.5 7.10E-04 5.81E-04 2.6E-06 275.82 107186.906 1.79688    
  1.75 5.42E-04 4.44E-04 2E-06 276.492 141077.525 1.76646 
  2 4.30E-04 3.53E-04 1.6E-06 276.927 178223.052 1.73859 
   
   
  
   
   
     
   





Table 3  λ Calculations (Continued) 
  Front Hinge/Rocker
  
       
    δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 1.90E-04 1.66E-04 4.6E-07 408.31 878804.22 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.42E-04 1.24E-04 3.5E-07 408.435 1177384.57 1.3094 1.33 2.24 0.78 
  1.5 1.11E-04 9.78E-05 2.7E-07 408.51 1498153.36 1.32048    
  1.75 9.07E-05 7.96E-05 2.2E-07 408.582 1840078.21 1.33246 
  2 7.58E-05 6.66E-05 1.9E-07 408.635 2201934.96 1.34349 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
In/Out 1 7.91E-04 6.80E-04 2.2E-06 356.513 160752.112 λ λavg 
Thickness 
Ratio Rmass 
  1.25 5.53E-04 4.74E-04 1.6E-06 347.983 218832.615 1.49079 1.46 2.08 0.72 
  1.5 4.15E-04 3.55E-04 1.2E-06 341.268 280343.462 1.46552    
  1.75 3.27E-04 2.79E-04 9.7E-07 335.963 344732.901 1.44288 
  2 2.67E-04 2.27E-04 8.1E-07 331.732 411680.864 1.42401 
Shotgun/Front Hinge
  
    
    
     
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Up/Down 1 6.71E-05 6.01E-05 1.4E-07 476.46 3382798.76 λ λavg 
Thickness 
Ratio Rmass 
  1.25 4.63E-05 4.13E-05 1E-07 457.764 4522731.52 1.48086 1.41 2.14 0.74 
  1.5 3.47E-05 3.08E-05 7.8E-08 444.314 5687150.41 1.4201    
  1.75 2.74E-05 2.43E-05 6.3E-08 434.33 6875567.31 1.37848 
  2 2.25E-05 1.99E-05 5.3E-08 426.678 8087753.7 1.34914 
   
   
     
   
   
   




Table 3  λ Calculations (Continued) 
  δ1(mm) δ2(mm) θ(rad) L(mm)    K(N-m/rad)  
In/Out 1 8.92E-04 7.44E-04 2.9E-06 302.484 102615.542 λ λavg 
Thickness 
Ratio Rmass 
  1.25 6.32E-04 5.27E-04 2.1E-06 299.049 141451.966 1.48958 1.47 2.07 0.72 
  1.5 4.79E-04 3.98E-04 1.6E-06 296.364 183407.314 1.47414    
  1.75 3.79E-04 3.15E-04 1.3E-06 294.229 228165.819 1.46347 
  2 3.11E-04 2.57E-04 1.1E-06 292.505 275526.884 1.45651 
Radiator
 
     
     
      
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Fore/Aft 1 1.12E-02 1.02E-02 2.1E-05 529.025 24918.7454 λ λavg 
Thickness 
Ratio Rmass 
  1.25 7.25E-03 6.55E-03 1.4E-05 521.528 37535.1291 1.89981 1.77 1.83 0.63 
  1.5 5.20E-03 4.69E-03 1E-05 517.752 51597.6973 1.78512    
  1.75 3.96E-03 3.58E-03 7.7E-06 515.118 66995.9023 1.72724 
  2 3.15E-03 2.84E-03 6.1E-06 512.982 83580.2713 1.68748 
δ1(mm) δ2(mm) θ(rad) L(mm) K(N-m/rad)  
Up/Down 1 2.12E-03 1.79E-03 6.6E-06 320.776 48531.8085 λ λavg 
Thickness 
Ratio Rmass 
  1.25 1.57E-03 1.33E-03 4.9E-06 320.657 65349.5246 1.33502 1.31 2.25 0.78 
  1.5 1.24E-03 1.05E-03 3.9E-06 320.613 83026.0041 1.31383    
  1.75 1.01E-03 8.54E-04 3.2E-06 320.611 101552.275 1.30669 
  2 8.51E-04 7.18E-04 2.7E-06 320.607 120846.085 1.30273 
   
   
   
   
     
   





Table 4  Aluminum Results & Comparison to Steel 
A/Roof δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Fore/Aft 1.75E-04 1.51E-04 4.78E-07 3.65E+02 7.64E+05 -3.22E+00 
In/Out 9.14E-04 7.17E-04 3.93E-06 2.32E+02 5.91E+04 4.25E-01 
B/Roof δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Fore/Aft 1.57E-04 1.27E-04 5.89E-07 2.66E+02 4.51E+05 -2.17E+00 
In/Out 7.17E-03 5.89E-03 2.56E-05 2.80E+02 1.10E+04 -4.37E-01 
C/Roof δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Fore/Aft 8.96E-05 7.33E-05 3.26E-07 2.75E+02 8.42E+05 5.78E+00 
In/Out 1.60E-03 1.29E-03 6.34E-06 2.53E+02 3.98E+04 -1.25E+00 
A/Hinge δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Up/Down 1.35E-04 1.14E-04 4.07E-07 3.31E+02 8.15E+05 -5.79E+00 
In/Out 2.99E-03 2.47E-03 1.04E-05 2.87E+02 2.75E+04 -4.56E+00 
B/Rocker δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Fore/Aft 6.78E-05 5.59E-05 2.38E-07 2.84E+02 1.19E+06 2.27E+00 
In/Out 8.55E-04 7.17E-04 2.77E-06 3.09E+02 1.12E+05 2.90E+00 
Rocker/Rear Quarter δ(mm) δ2 mm θrad L(mm) K(N-m/rad) of Kst and Kal 
%Difference 
Up/Down 1.26E-04 1.01E-04 5.08E-07 2.48E+02 4.89E+05 -7.15E-01 




Table 4  Aluminum Results & Comparison to Steel (Continued) 
Front Hinge/Rocker δ(mm) δ2 mm θ rad L(mm)  K(N-m/rad)
%Difference 
of Kst and Kal 
Fore/Aft 1.90E-04 1.66E-04 4.63E-07 4.09E+02 8.83E+05 4.22E-01 
In/Out 7.36E-04 6.25E-04 2.23E-06 3.30E+02 1.48E+05 -7.69E+00 
Shotgun/Front Hinge δ(mm) δ2 mm θ rad L(mm)  K(N-m/rad)
%Difference 
of Kst and Kal 
Up/Down 5.95E-05 5.25E-05 1.41E-07 4.24E+02 3.01E+06 -1.09E+01 
In/Out 8.60E-04 7.13E-04 2.94E-06 2.92E+02 9.93E+04 -3.19E+00 
Radiator δ(mm) δ2 mm θ rad L(mm)  K(N-m/rad)
%Difference 
of Kst and Kal 
Fore/Aft 1.14E-02 1.03E-02 2.16E-05 5.26E+02 2.43E+04 -2.29E+00 
Up/Down 2.15E-03 1.81E-03 6.69E-06 3.21E+02 4.80E+04 -1.17E+00 
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